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@ A microwave probe (10) for determining prop- 
erties of a fluid medium, and particularly for sepa- 
rately measuring dielectric constant and dielectric 
loss, comprises an insulating substrate (14) metal- 
lised on one face, an efectricaily isolated, ring- 
shaped, resonant element (12) defined on the op- 
posite face, and shielded means (18, 20) to couple 
microwaves into and from the element such that the 
element can undergo a resonance. The resonant 
frequency depends on the dielectric constant of an 
adjacent medium, while the Q-factor of the reso- 
nance depends on the dielectric loss of the medium, 
^in one method of operation microwaves are coupled 
into the element to force an oscillation, and the 
driving frequency is varied to obtain a resonance. 
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Microwave Probe 



The invention relates to a probe utilizing micro- 
waves to determine properties of a medium adja- 
cent to or surrounding the probe. 

The use of microwaves to sense and measure 
properties such as moisture content of materials is s 
well known, this being based on measurement of 
the dielectric properties of the material under test. 
Typically the dielectric constant and/or the dielec- 
tric loss depend upon the material or the condition 
of the material being tested. For example, many io 
industrially significant dry materials have low di- 
electric constants and low dielectric loss. The pres- 
ence of even small amounts of moisture can cause 
significant changes in both these parameters since, 
in the microwave frequency region, water has both is 
a high dielectric constant and a high dielectric loss. 
The dielectric properties of water also show reso- 
nant effects which depend on the manner in which 
the water is bound to the support material. 

A typical method of measurement involves 20 
passing a microwave beam through the substance 
under test and measuring the magnitude, and 
sometimes the phase, of the transmitted and/or 
reflected signals. This method suffers errors due to 
spurious reflections which are dependent on sam- 25 
pie geometry, positioning and surface condition. 
Another method is to place the sample in some 
form of resonant cavity and measure the effect on 
the resonant frequency or Q-factor of the cavity. 
This method usually requires a specially shaped 00 
sample and is rarely suited to on-line industrial 
monitoring. 

For industrial use, consideration has been giv- 
en to probes which can be Inserted into or placed 
against the surface of the product These probes 35 
can take the form of microwave aerials, open end- 
ed transmission lines or 'leaky' transmission lines. 
The microstrip line is an example of the last type 
mentioned above. A microstrip line consists of a 
narrow printed conductor on one side of a dielectric aq 
substrate, the opposite face of which is metallised. 
A microwave signal may be transmitted along the 
microstrip in a similar manner to transmission on a 
co-axial transmission line but, in microstrip, the 
electric and magnetic fields are only partially con- 45 
tained within the substrate, because the printed 
conductor is not wholly shielded. The 'fringing field 1 
outside the substrate may interact with another 
material brought into contact with the substrate and 
this forms the basis of the microstrip type of sens- 50 
ing probe. The advantages of this type of probe 
include ease of use in on-line applications and, 
because the electromagnetic fields are guided 
along the substrate, freedom from spurious reflec- 
tions from sample discontinues located away from 



the microstrip. 

For example QB 1 354 474 (N.R.D.C.; M. 
Kent) describes an, apparatus for determining the 
dielectric properties of materials comprising an en- 
closure through which the material may be passed, 
the enclosure enclosing part of a length of a strip 
line. Microwave energy is applied to and received 
from the length of strip line. The material being 
tested comes into close proximity with the strip 
line, but has to be in a form suitable for passing 
through the enclosure. M. Kent and T.E, Price in 
"Compact Microstrip Sensor for High Moisture 
Content Materials" (Journal of Microwave Power, 
14(4), 1979) describe a compact and robust micro- 
strip probe which can be placed in contact with a 
material such as a liquid which is to be tested. The 
probe comprises a U-shaped strip conductor with 
terminals at each end, embedded in a 
poiytetrafluoroethyiene/gfass substrate, sandwiched 
between two metal ground planes except at the 
part acting as the probe where there is a metal 
plane at only one side of the substrate. On inser- 
tion of the probe into a sucrose solution the attenu- 
ation of the microwave energy is an increasing 
function of the moisture concentration. It is however 
difficult to relate the measured results to the prop- 
erties of the test sample and, in particular, it is 
difficult to determine the relative effects of dielec- 
tric constant and of diefectric loss on the microstrip 
transmission parameters. 

According to the present invention there is 
provided a fluid characterising apparatus compris- 
ing a probe immersibie in a fluid to be charac- 
terised, the probe comprising an electrically in- 
sulating substrate, with a substantially continuous 
conducting layer, and an electrically Isolated, ring- 
shaped resonant element separated by the sub- 
strate from the conducting layer, shielded means 
for causing microwaves to propagate in the ele- 
ment, and shielded means for sensing microwaves 
so propagating, the causing and sensing means 
being coupled to the element sufficiently weakly to 
have negligible effect on the natural resonance of 
the element, and such that if the probe is im- 
mersed in the fluid then part of the electromagnetic 
fields due to microwaves propagating in the ele- 
ment extend into the fluid, so that the fluid affects 
the resonant response of the element. 

It will be appreciated that there must be in- 
timate contact between the probe and the material 
to be characterised. The term fluid should therefore 
be understood as encompassing liquids and gases, 
and also powdered solid material. The causing 
means enables a microwave resonance in the ele- 
ment to be set up, this resonance occurring at one . 
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of a number of resonant frequencies, and the sens- 
ing means enables such a resonance to be de- 
tected. The coupling both between the causing 
means and the element and between the element 
and the sensing means must be as weak as possi- 
ble, so as to load the element as little as possible; 
the coupling capacitance should be the minimum 
for which the propagating microwaves can still be 
detected, for example the coupling capacitance 
might be in the range 20-30 fF, which provides 
adequate coupling for microwaves of frequency 10 
GHz. 

The element is preferably circular, but might 
be oval or elliptical. Such an element will resonate 
at those frequencies for which the perimeter of the 
element is an integral number of wavelengths. Be- 
cause the element has no ends, the nature of the 
resonance is simplified* as there are no end ef- 
fects. Another advantage of the ring-shaped ele- 
ment is that less microwave power is radiated from 
the element than would be the case with a straight 
resonant microstrip element. The element is desir- 
ably of low resistance, to minimize energy loss In 
the element itself. Furthermore it is preferably of 
uniform width to further minimize complexity in the 
resonances. 

The microwaves may be coupled to and from 
the element by narrow conducting strips separated 
from the conducting layer by the substrate and 
terminating within a short distance (about a mil- 
limetre) of the element, the distance being such 
that microwaves are capacitively coupled across it, 
each such strip being shielded by a covering layer 
of insulating material and a shielding conducting 
layer. Alternatively and preferably the microwaves 
are coupled to and from the element by conductors 
extending normal to the conducting layer and ter- 
minating at an aperture in the layer adjacent to a 
portion of the resonant element but separated from 
it by the substrate. This ensures that the coupling 
electromagnetic fields are entirely within the sub- 
strate, and so the coupling is not affected by any 
media adjacent to the probe. These conductors 
may be the cores of coaxial cables, whose sheaths 
are connected to the conducting layer. 

In one mode of use of the probe, microwaves 
are coupled into the resonant element and the 
microwave frequency is scanned through a natural 
resonance. The amplitude of the microwaves in the 
element is sensed at each frequency, so that both 
the resonant frequency (i.e. the frequency at which 
the amplitude is greatest) and the breadth of the 
resonance can be determined. Both these param- 
eters depend upon the nature of the medium adja- 
cent to the resonant element and into which the 
fringing fields from the element extend. The reso- 
nant frequency depends upon the dielectric con- 
stant (relative permittivity) of the medium; while the 



CMactor of the resonance, i.e. the ratio of the 
resonant frequency to the band-width at half., the 
peak power, depends upon the dielectric loss of 
the medium. This method of measurement thus 
6 enables these two dielectric parameters of the me- 
dium to be measured separately. 

The invention will now be further described by 
way of example only and with reference to the 
accompanying drawings, in which:- 
io Figures 1a and c show plan views of dif- 

ferent probes; 

Figure 1b shows a sectional view on the line 
B-B of Figure 1 a; 

Figure 2 shows a block diagram representing 
is an electrical circuit incorporating the probe of Fig- 
ures 1a and b; 

Figure 3 represents graphically the variation 
of microwave amplitude with frequency in the cir- 
cuit of Figure 2 when the probe is adjacent to air; 
20 Figure 4 represents graphically the variation 

in microwave resonance in the circuit of Figure 2 
when the probe is adjacent to different water-in-oil 
emulsions; 

Figure 5 represents graphically the variation 

25 in microwave resonance in the circuit of Figure 2 
when the probe is adjacent to different 
petrol/ethanol mixtures; and 

Figure 6 shows dlagrammatically a modified 
version of the probe of Figures 1a and b. 

30 Referring to Figures 1a and b, these show a 

probe 10 including a resonant micro-strip element 
12 in the form of a circular ring-shaped copper 
strip of mean diameter 33 mm on the front surface 
of a rectangular insulating substrate 14 of poly- 

35 tetrafluoroethyiene (PTFE)/g1ass fibre laminate with 
a layer of copper 1 6 covering the rear surface. Two 
small circular holes 17 are defined in the layer 16 
underneath diametrically opposed points on the 
resonant element 12. Two copper-sheathed, PTFE- 

40 insulated, coaxial cables 18 and 20 extend normal 
to the rear surface of the substrate 14, each termi- 
nating in one of the holes 17, with its sheath 22 
soldered to the copper layer 16 around the edge of 
the hole 17. The core 24 of each cable 18 and 20 

45 thus abuts the rear surface of the substrate 14, and 
is separated from the resonant element 12 oniy by 
the thickness of the substrate 14. The coupling^ 
capacitance between the end of each core 24 and 
the element 12 is only about 20 fF, 

so Referring to Figure 1b, an alternative probe 30 

Includes a resonant micro-strip element in the form 
of a circular copper ring 32 on the front surface of 
a rectangular insulating substrate 34 4 of 
polytetrafluoroethylene/glass fibre laminate with a 

55 layer of copper (not shown) covering the rear sur- 
face, Copper strips 36 and 38 coplanar with the 
ring 32 extend radially away from two diametrically 
opposite points, being separated from the ring 32 
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by narrow gaps 40 each 1.0 mm wide* The strips 
36 and 38 extend in a curved path to one edge of 
the substrate 34 where each is connected to a 
respective coaxial cable connector 44. Each strip 
36 and 38 is completely covered by a further layer 5 
of the substrate material (not shown), itself covered 
by a second layer of copper 42. The connector 44 
ensures both the rear copper layer and the copper 
layer 42 are earthed. 

Thus each probe 10 and 30 includes an elec- w 
trically Isolated resonant ring-shaped micro-strip 
element 12 or 32; and means 18 and 20, 36 and 38 
whereby microwave signals may be coupled into 
the resonant element or coupled from it, each of 
which is shielded to prevent leakage of micro- 75 
waves, by sheaths 22 or copper layer 42. The 
coupling means 18, 20, 36 and 38 are preferably of 
characteristic impedance 50 ohms to match stan- 
dard generating and measuring equipment: the res- 
onant microstrip elements 12 and 32 might be of 20 
rather narrower microstrip with characteristic im- 
pedance in the range 50 to 100 ohms. The nar- 
rower the microstrip defining the element 12 or 32 
the more precisely determined is its circumference, 
and hence the more sharply defined is the reso- 25 
nance; but on the other hand the narrower the 
microstrip the greater is the resistance, and hence 
the broader the resonance. For the element 12 of 
mean diameter 33 mm the optimum microstrip 
width is about 1 mm, which provides a characteris- 30 
tic impedance of about 80 ohms. Each probe 10 
and 30 can be immersed in a liquid or powdered 
solid under test; in the case of the probe 30 the 
connectors 44 are preferably above the surface of 
the material under test. The resonant elements 12 35 
and 32 might if desired be covered by a protective 
insulating layer, preferably of the same material as 
the substrate. Probe 10 might be modified by sol- 
dering coaxial cable connectors (similar to the con- 
nectors 44 of Figure 1c) in the holes 17, to which 40 
the coaxial cables 18 and 20 could then be con- 
nected. 

Referring to Figure 2 there is shown diagranv 
maticaily a circuit for use with the probe 10, but 
which could equally well be used with the probe 45 
30. As shown, one coaxial cable 18 is connected to 
a variable frequency generator 48 for generating 
microwave signats (tor example between 1 and 20 
GHz). The other coaxial cable 20 is connected to a 
microwave signal detector 50. The sheaths 22 of so 
the cables 18 and 20 are both earthed. 

Referring also to Figure 3 there is shown the 
experimentally determined variation of detected 
signal with frequency for the circuit of Figure 2 with 
air adjacent to the probe 10. Microwave signals 55 
generated by the generator 48 are capacitively 
coupled from the core 24 of the cable 18 into the 
resonant element 12, in which forced microwave 



oscillations therefore occur. The amplitude of the 
forced oscillations determines the amplitude of the 
signal coupled into the core 24 of the cable 20 and 
hence the signal detected by the detector 50. Be- 
cause the coupling capacitance is small, the ele- 
ment 12 is not* significantly loaded by the impedan- 
ces of the generator 48 or the detector 50. For 
most frequencies the forced oscillation is of small 
amplitude, but for frequencies which correspond to 
the fundamental natural resonant frequency of the 
element 12 or a harmonic of it, the oscillation is of 
large amplitude. In this case the frequency was 
gradually increased from 1 GHz to 18 GHZ. The 
fundamental resonant frequency A is seen to be 
about 2.0 GHZ, and other harmonic resonances 
occur at frequencies which are integral multiples of 
that frequency. In general the amplitude of the 
oscillation increases as one goes to higher har- 
monics, principally because the coupling to and 
from the element increases with frequency. At the 
peak of the fifth resonance, B, approximately 0.15 
of the voltage supplied by the generator 48 is 
received by the detector 50; the coupling is prefer- 
ably such that this proportion does not exceed 0,2. 

In practical use of the probe 10 it is only 
necessary to observe one such resonance. In Fig- 
ure 4, to which reference is now made, is shown 
graphically the fifth resonance (corresponding to 
that marked B in Figure 3) for three different liquids 
adjacent to the resonant element 12: dry oil (graph 
K), 2% water/oil emulsion (graph L), and 10% 
water/oil emulsion (graph M). It will be observed 
that the increasing concentration of water in the 
emulsion leads to a decrease in the resonant fre- 
quency - because water has a higher dielectric 
constant than oil at these frequencies - the reso- 
nant frequency with 10% water/oil emulsion being 
2% less than that with dry oil There is also a 
decrease in the height of the peak amplitude and 
an Increase in the width of the resonance peak - 
because water has a higher dielectric loss than oil 
at these frequencies - such that the Q-factor for the 
resonance (the ratio of the resonant frequency to 
the bandwidth at half the peak power) decreases 
from about 98 for dry oil to about 82 for 10% 
water/oil emulsion. 

Similar results are obtained with other mixtures 
containing a component differing significantly in * 
either dielectric constant or dielectric loss from the 
other component, and in Figure 5 is shown the fifth 
resonance for two different liquids : pure petrol 
(graph P) and petrol with 10% ethanof (graph R). 
Here again it is observed that the addition of 
ethanol to the petrol leads to a decrease in the 
resonant frequency and to a decrease in the Q- 
factor of the resonance. 

It will thus be appreciated that probes such as 
those of Figures 1a and b or Figure 1c can be 



7 



0 288 135 



8 



used in a circuit as indicated in Figure 2 to mea- 
sure dielectric properties of a medium. Equally 
they can be used to measure concentrations of one 
component {such as ethanoi) in another (such as 
petrol), whether the components are miscible or 
form an emulsion. 

It wiii also be appreciated that the probes 
might be used in a different manner to that de- 
scribed above; for example the microwave frequen- 
cy might be modulated about a frequency near a 
resonant frequency, rather than being scanned 
through a resonance. This enables both the mag- 
nitude of the detected signal at that frequency, and 
the rate of change of detected signal with fre- 
quency (i.e. the gradient of the detected signal 
against frequency graph) at that frequency, to be 
detected* These two parameters enable the dielec- 
tric constant and the dielectric loss of the medium 
to be determined. In Figure 5, and referring to 
graph P, if the frequency of the microwaves is 
modulated between the two values indicated by the 
broken lines, then the detected signal is clearly 
modulated in amplitude; the detected signal con- 
sequently has a dc component corresponding to its 
mean magnitude, and an ac component corre- 
sponding to the gradient of the graph. 

An analogous effect may also be achieved by 
modulating the electrical parameters of the reso- 
nant element itself so as to modulate its resonant 
frequency. Referring now to Figure 6, this may be 
achieved by connecting two varactors 60 (i.e. re- 
verse biased diodes whose capacitance is voltage- 
dependent) between the earthed copper sheet 16 
and two diametrically opposite points X on the 
element 12 midway between the input and the 
output At a position Y midway between the output 
and one point X are connected to the element 12 a 
source 62 to provide a dc bias voltage through a 
resistor 64, and an ac source 66 to provide a 
modulating voltage through a blocking capacitor 68. 

In operation microwaves are coupled into the 
element 12 from the cable 18 at a constant fre- 
quency. The bias voltage is adjusted (typically up 
to 30V) to ensure that the second resonance of the 
element 12 is near to the frequency of the micro- 
waves. Consequently there is an antinode of elec- 
tric field at X, maximizing the effect of the varactors 
60 on the response, and a node at Y t minimizing 
the effect of the components 62, 64, 66 and 68 on 
the response. An ac modulating voftage is then 
supplied by the source 66 , so modulating the ca- 
pacitance of the varactors 60 and hence the reso- 
nant frequency of the element 1 2. The signal in the 
cable 20 will consequently be modulated, its ac 
component being indicative of the gradient of the 
detected signal against frequency graph. As dis- 
cussed above, from the values of the mean signal 



and the gradient the dielectric constant and dielec- 
tric loss of the material adjacent to the probe 10 
can be determined. 

5 

Claims 

1. A fluid-characterising apparatus comprising 
a probe (10) immersible in a fluid to be charac- 

70 terised, the probe (10) comprising an electrically 
insulating substrate (14), with a substantially con- 
tinuous conducting layer (16), and an electrically 
isolated, resonant element (12) separated by the 
substrate (14) from the conducting layer (16), 

75 means (1 8) for causing microwaves to propagate in 
the element, and means (20) for sensing micro- 
waves so propagating, the causing and sensing 
means being coupled to the element sufficiently 
weakly to have negligible effect on the natural 

20 resonance of the element, and such that if the 
probe (10) is immersed in the fluid then part of the 
electromagnetic fields due to microwaves propagat- 
ing in the element (12) extends into the fluid so 
that the fluid affects the resonant response of the 

25 element, characterised in that the element (12) is 
ring-shaped and in that both the causing means 
(18) and the sensing means (20) are shielded. 

2. An apparatus as claimed in Claim 1 wherein 
the causing means (18) and the sensing means 

30 (20) each comprises a shielded conductor extend- 
ing normal to the conducting layer and terminating 
at an aperture (17) in the conducting layer adjacent 
to a portion of the resonant element (12) but sepa- 
rated from it by the substrate (14). 

35 3. An apparatus as claimed in Claim 1 or Claim 

2 wherein the apparatus also comprises a variable 
frequency microwave generator (48), and means 
(50) for determining from the sensed microwaves a 
resonant frequency and a Q-factor of a resonance 

40 of the probe, and hence characterising the fluid. 

4. An apparatus as claimed in Claim 1 or Claim 
2 wherein the apparatus also comprises a 
frequency-modulated microwave generator, and 
means for determining from the sensed micro- 

45 waves the mean amplitude, and the amplitude of 
the modulation in amplitude, and hence charac- 
terising the fluid. 

5. An apparatus as claimed in Claim 1 or Claim 
2 wherein the probe also comprises a varactor 

so (60) connected to the resonant element (12), the 
apparatus comprises a constant frequency micro- 
wave source, means (66) for applying an alternat- 
ing electrical signal to the varactor (60) so as to 
modulate the resonant frequency of the element 

55 (12), and means for determining from the sensed 
microwaves the mean amplitude, and the amplitude 
of the modulation in amplitude, and hence charac- 
terising the fluid. 
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6. An apparatus as claimed in Claim 5 wherein 
the probe comprises two varactors (60) each con- 
nected to the conducting layer, and connected to 
respective positions (X) on the resonant element at 
which, at a desired frequency of operation, there 
are antinodes of electric field. 

7. An apparatus as claimed in Claim 6 wherein 
the means (66) for applying the alternating signal to 
the varactor (60) is connected to the element (12) 
at a position (Y) at which, at a desired frequency of 
operation, there is a node of electric field, and the 
apparatus also comprises means (62) for supplying 
a biasing voltage also connected to the element 
(12) at a position (Y) at which, at a desired fre- 
quency of operation, there is a node of electric 
field. 

8. A method of characterising a fluid compris- 
ing the operations of immersing a probe in fluid, 
the probe (10) comprising an electrically insulating 
substrate (14), with a substantially continuous con- 
ducting layer (16), and an electrically isolated, res- 
onant element (12) separated by the substrate (14) 
from the conducting layer (16), means (18) for 
causing microwaves to propagate in the element, 
and means (20) for sensing microwaves so propa- 
gating, the causing and sensing means being 
coupled to the element sufficiently weakly to have 
negligible effect on the natural resonance of the 
element, such that part of the electromagnetic 
fields due to any microwaves propagating in the 
element (12) extends into the fluid, causing micro- 
waves to propagate in the element (12), sensing 
the microwaves so propagating, and from the 
sensed microwaves characterising the fluid, charac- 
terised in that the element (12) is ring-shaped, and 
in that both the causing means (18) and the sens- 
ing means (20) are shielded. 

9. A method as claimed in Claim 8 comprising 
the operations of causing microwaves of a plurality 
of different frequencies near to a resonant fre- 
quency to propagate in the element (12), determin- 
ing from the sensed microwaves the resonant fre- 
quency and the Q-factor of the resonance, and 
hence characterising the fluid. 

10. A method as claimed in Claim 8 comprising 
the operations of causing microwaves of a fre- 
quency near to a resonant frequency to propagate 
in the element (12), modulating the frequency of 
the microwaves, determining from the sensed mi- 
crowaves the mean amplitude, and the amplitude 
of the modulation in amplitude, and hence charac- 
terising the fluid. 

11- A method as claimed in Claim 8 wherein 
the probe also comprises a varactor (60) connected 
to the resonant element, the method comprising 
the operations of causing microwaves of a constant 
frequency near to a resonant frequency to propa- 
gate in the element (12), and applying an alternat- 



ing electrical signal to the varactor (60) so as to 
modulate the resonant frequency of the element 
(12). 

12. A method as claimed in Claim 11 also 
5 comprising applying a bias voltage to the varactor 
(60), 



70 



75 



20 



25 



30 



35 



40 



45 



SO 



6 



0 288 135 




0 288 135 



Fig. 2. 



48- 



VARIABLE 
FREQUENCY 
GENERATOR 





0 288 135 



Fig. 3. 



DETECTEO 
SIGNAL 




10 



20 



frequency/ghz 



DETECTEO 
SIGNAL 




DETECTED 
SIGNAL 



FREQUENCY 




FREQUENCY 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 288 135 

A3 



© EUROPEAN PATENT APPLICATION 

<£> Application number: 88301309.6 <g) InL C| 4 . Q01N 22/00 

<§> Date of filing: 17-02.88 



<§) Priority: 09.03.87 GB 8705463 
22.01.88 GB 8801395 

@ Date of publication of application: 
26.10.88 Bulletin 88/43 

® Designated Contracting States: ■ 
CH DE FR IT L! NL 

© Date of deferred publication of the search report* 
21.02.90 Bulletin 90/08 



© Applicant: UNITED KINGDOM ATOMIC 
ENERGY AUTHORITY 
11 Charles II Street 
London SW1Y 4QP(GB) 

© Inventor: Flemming, Michael Anthony 
19 Glyme Close Radley Green 
Abingdon Oxfordshire(GB) 
inventor: Plested, Graham Nicholas 
35 Churchill Road 
Dldcot Oxfordshire(GB) 

® Representative: Mansfield, Peter Turquand 
United Kingdom Atomic Energy Authority 
Patents Branch 11 Charles If Street 
London SW1Y 4QP(GB) 



© Microwave probe. 



© A microwave probe {10) for determining prop- 
erties of a fluid medium, and particularly for sepa- 
rately measuring dielectric constant and dielectric 
loss, comprises an insulating substrate (14) metal- 
lised on one face, an electrically isolated, ring- 
shaped, resonant element (12) defined on the op- 
posite face, and shielded means (18, 20) to couple 
microwaves into and from the element such that the 
element can undergo a resonance. The resonant 
frequency depends on the dielectric constant of an 
adjacent medium, while the Q-factor of the reso- 

"nance depends on the dielectric loss of the medium. 
In one method of operation microwaves are coupled 

Winto the element to force an oscillation, and the 
driving frequency is varied to obtain a resonance, 
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